Cinerone [2-(2'-cis-butenyl)-3-methyl-2-cyclopenten-1-one] is hydroxylated to cinerolone [2-(2'-cis-butenyl)-3-methyl-4-hydroxy-2-cyclopenten-1-one] by a number of streptomycetes, bacteria, and fungi. Aspergillus niger ATCC 9,142 and Streptomyces aureofaciens ATCC 10,762 were found to be the most effective hydroxylators.
The optical activity of the product was found to range from [a]D5 00 to -8.6°, depending on the organism and conditions of culture. Two additional hydroxylated products of cinerone have been isolated and identified as 2-n-butyl-4-hydroxy-3-methyl-2-cyclopenten-1-one and 2-(2'-cis-butenyl-4'-hydroxy)-3-methyl-2-cyclopenten-i-one, respectively.
Various 2-substituted 3-methyl-4-hydroxycyclopentenones are valuable chemical intermediates. When esterified with chrysanthemic acid, they form the naturally occurring insecticides called pyrethrins and their analogues (2) . Since 2-substituted 3-methyl-cyclopentenones are easier to prepare than the corresponding 4-hydroxy compounds, it was decided to attempt microbiological hydroxylation of the former ketones. This approach has additional merit in that it might provide optically active 4-hydroxy compounds. When esterified with chrysanthemic acid, the Dhydroxycyclopentenones give insecticides which are more active than those made with the corresponding L-isomers.
Allylic microbiological hydroxylations of terpenes have been reported in the literature. Da-Pinene was hydroxylated by a strain of Aspergillus niger (NCIM 612) to D-cis-verbenol (6) . Cyclohexene has also been converted by this microorganism to (+)-2-cyclohexen-1-ol (1) . The selective microbial hydroxylation of akessyl alcohol to yield kessyl glycol and kesane-2,B ,7-diol was reported recently (4) .
The present paper reports the microbial transformation of cinerone to cinerolone. Although cinerolone was generally the major reaction product, various amounts of two additional hydroxylated compounds were also encountered. Their relative amounts were dependent upon the organism and conditions used.
MATERIALS AND METHODS
Maintenance of cultures. The organisms used were obtained from known culture collections as well as from our collection. The fungi were maintained on oatmeal-glucose (OG) slants (5% finely ground oatmeal, 2% glucose, 2% agar) in screw-capped tubes (18 by 150 mm). The bacteria and yeasts were maintained on slants of Trypticase Soy (TS) medium which contained 1.7% tryptic digest of casein (N-ZAmine B, Sheffield Chemical Co.), 0.3% enzyme digest of soybean meal (Difco soytone), 0.5% sodium chloride, 0.25% dipotassium phosphate, 0.25 % glucose, and 2% agar. Streptomycetes were maintained on slants of peptonized milk (PM) medium which contained 2% enzyme digest of milk proteins (peptonized milk, Sheffield Chemical Co.), 0.3% dried debittered brewers yeast, 1% cornstarch, 2% agar, and tap water as diluent. The mesophilic fungi and streptomycetes were grown at 28 C until heavily sporulated and were then allowed to stand at room temperature in diffuse light until used. The thermophilic streptomycetes were grown at 48 to 50 C for 24 to 72 hr and were then allowed to remain at 25 C until used. The bacteria were grown at 32 C until growth was heavy (24 to 72 hr), and the slants were then maintained at 5 C until used.
Fermentation in shaken flasks. To a well-sporulated fungal or streptomycete slant, we added 10 ml of sterile diluent containing 0.1% agar and 0.01% Aerosol OT (American Cyanamid Co.). Bacterial or yeast slants were washed into 10 ml of sterile water.
A 0.5-ml amount of the suspension of organism was transferred to 100 ml of fermentation medium contained in a 500-ml Erlenmeyer flask. The fermentation medium for fungi and streptomycetes had the following composition, per liter of distilled water: technical glucose, 20 g; monopotassium phosphate, 1.5 g; magnesium sulfate heptahydrate, 1.5 g; ammonium nitrate, 1 g; enzyme hydrolyzed lactalbumin, 1 g; corn steep liquor solids, 1 g; soluble component of autolyzed yeast, 0.5 g; L-glutamic acid, 0.5 g; zinc sulfate heptahydrate, 10 mg. The medium was 714 adjusted to pH 7.0 and then autoclaved at 120 C for 30 min. For bacteria and yeasts, the TS medium without agar was used. For the thermophilic streptomycetes, the PM medium without agar was used.
After inoculation, the flasks were incubated on a rotary shaker [orbit 1-inch (2.54-cm) radius] operating at 280 to 320 rev/min. Bacteria, yeasts, and mesophilic streptomycetes were incubated at 28 C, and thermophilic streptomycetes were incubated at 48 to 50 C. Within 2 to 3 days (1 day in the case of the thermophilic streptomycetes), all organisms grew heavily. Only dense filamentous or heavy, finely pelleted growth was used for conversion studies. Flasks with clumped or coarsely pelleted growth were discarded.
Fermentation in stirred jars. An 8. Isolation of products. Cinerone was prepared as described by LeMahieu et al. (5) . The products obtained from cinerone in a typical stirred jar run were recovered and identified as follows. The fermented broth was filtered to remove the mycelium, which was washed with about 0.5 volume of distilled water and discarded. The washings were added to the filtrate and extracted three times with 0.25-volume portions of methylene chloride. The combined extract was washed once with 0.25 volume of 1 N hydrochloric acid and twice with 0.25 volume of 5% sodium bicarbonate solution, dried over anhydrous sodium sulfate, and concentrated at reduced pressure to a thick syrup.
RESULTS AND DISCUSSION Fungi found to convert cinerone to cinerolone in 10% or higher yields are listed in Table 1 .
Depending on the organism, the conversion time varied from 48 to 96 hr. Some of the strains of bacteria and streptomycetes which gave the highest yields of cinerolone are listed in Table 2 . Conversion times here ranged from 48 to 120 hr.
The ability to perform the desired hydroxylation was more prevalent among fungi than among bacteria or streptomycetes. In cultures of 11 yeast strains (representing 6 genera), cinerolone did not appear to accumulate. However, several yeasts, as well as numerous fungi and streptomycetes, showed a marked capacity to metabolize the substrate, converting it to unidentified products which were different from cinerolone.
Cinerolone, once formed, was unstable in the Table 3 .
The enzymatic nature of the hydroxylation was indicated by the failure of boiled mycelium to The first fraction was shown to be unreacted cinerone by thin-layer chromatography (TLC) on silica gel developed with ethyl acetate-benzene (3:2). TLC in the same solvent system showed that the second fraction contained cinerone and two slower moving compounds, one of which had an RF identical to that of authentic cinerolone. Column chromatography of this second fraction on 30 g of silica gel and elution with 6% ethyl acetate in benzene gave an additional 121 mg of unreacted cinerone. Further elution with the same solvent mixture gave 362 mg of a colorless oil which had an RF identical to that of authentic cinerolone. Gas-liquid partition chromatography (GLPC) analysis (10% EPON 1001 on Anakrom ABS at 200 C) revealed a peak with a retention time of 9 min (10% of the mixture) and a peak with a retention time of 13 min (90% of the mixture).
Both compounds were separated by preparative GLPC, and the major component was identified as cinerolone by comparison of its infrared, ultraviolet, NMR, and mass spectra as well as its GLPC retention time with authentic D-cinerolone (-CH2CH2-), and a two-hydrogen doublet at 4.34 a (-CH20H). The mass spectrum showed its molecular weight to be 166. These data permit assignment of the structure 2-(2'-cis-butenyl-4'-hydroxy)-3-methyl-2-cyclopenten-1-one to this component (compound IV).
The microbial hydroxylations discussed above are outlined in Fig. 1 .
In the conversion of cinerone to cinerolone, an asymmetric center is introduced which allows for the formation of the D-and L-isomers. The ratio of these two forms, as reflected by the optical activity of the cinerolone isolated, depended on the organism used. The optical activity ranged from [ 
